Objective To assess the natural history and outcome of fetal pulmonary stenosis (PS) 
and PS was confirmed at autopsy and one case was lost to follow-up. In Group B (n = 12), there was aliasing across the pulmonary valve. Two of these cases were normal postnatally and eight had mild-to-moderate PS; the remaining two cases developed hypoplastic right ventricle and pulmonary atresia at [19] [20] (11/17) and the specificity was > 99%.
INTRODUCTION
Pulmonary stenosis (PS) accounts for 8-12% of all congenital heart defects in children, with an estimated incidence of 6-8 cases per 10 000 live births 1 -3 . The most common form of PS is a dome-shaped pulmonary valve, although several variants exist, including the relatively uncommon unicommissural, bicuspid and tricuspid valves. The valve annulus is abnormal in most cases, and the fibrous part is partially or completely missing; a true annulus may therefore be absent 4 . Another variant includes hypoplasia of the pulmonary ring, with thickened, myxomatous, immobile pulmonary valve cusps 5, 6 . PS is the most common cardiac lesion in Noonan syndrome 7 , while supravalvular PS is often associated with congenital rubella syndrome and Williams syndrome. In addition, a monochorionic twin pregnancy complicated by twin-to-twin transfusion syndrome is associated with an increased risk of cardiac malformations and particularly high risk for PS in the recipient twin 8 . Although PS is relatively common, prenatal diagnosis of this congenital heart defect has been reported only rarely 9 -13 . In these cases, a distinction was made between the finding of pure PS and the more severe finding of pulmonary atresia with an intact ventricular septum 11 -13 . Most cases were described in fetuses beyond the age of 17 weeks; with the exception of our previous report 14 of 11 cases from our current cohort, there have been no publications on the early prenatal diagnosis of PS.
The aim of this study was to assess the natural history and outcome of PS detected early in gestation in a population of women from the general Israeli population attending a private ultrasound institute.
METHODS
Our study population comprised women attending our center for a complete early fetal ultrasound examination, including all fetal systems and a fetal echocardiogram, following referral by their obstetrician or self-referral in the years 2004-2015. Ninety-seven percent of the women were low risk, and 3% had risk factors such as maternal Type-1 diabetes mellitus, exposure during pregnancy to teratogenic drugs, or anomalies in previous pregnancies or in other family members.
Examinations were conducted at 14-17 weeks' gestation by a single experienced sonographer (M.B.), using a Philips iU22 ultrasound machine (Philips, Eindhoven, The Netherlands), equipped with a 5-9-MHz transvaginal probe.
Fetal echocardiography included demonstration of the four cardiac chambers, the origins of the great vessels, their spatial configuration including their interrelations and their relation to the trachea up to the ductal connection with the aorta, as well as the venous drainage. Color and pulsed Doppler were performed across the four valves. Flow velocity across the pulmonary valve in early gestation is considered normal at < 60 cm/s 14 -18 . In cases in which abnormal flow was detected, for example cases with turbulence across the valve (Figure 1a) , flow velocity > 100 cm/s (Figure 1b (Figure 1d ), PS was suspected and the examination was repeated at 17-19 weeks and monthly thereafter, until delivery or resolution of the finding. In addition, all such cases were referred to a fetal cardiologist at 20-22 weeks for a repeat fetal echocardiographic examination, and postnatal echocardiography was performed at birth, 4-6 weeks later and then once annually. Cases were identified and data were extracted retrospectively from the electronic database of the Al-Kol ultrasound institute, in Haifa. Outcome data including postnatal diagnosis and general or specific symptoms were collected by contacting the parents via e-mail or telephone. The institutional ethics review board (Helsinki committee) approved this study.
RESULTS
Twenty-three cases of suspected PS were identified from among 24 185 early prenatal transvaginal ultrasound screens in 16 471 patients (0.10%; 1:716), performed at 14-17 weeks' gestation during the years 2004-2015 ( Figure 2 ). Each pregnancy had one early scan only; some patients had more than one pregnancy during the study period. In all cases not suspected of having fetal PS, the flow across the pulmonary valve was < 60 cm/s.
Based on their initial ultrasound screening findings, cases were categorized into three groups as follows. In Group A (n = 8), the examination was normal except for high flow velocity across the pulmonary valve (100-120 cm/s), associated with normal flow across the aortic valve. This finding had resolved by 20-21 weeks of gestation in six cases, and these were all found to be normal at postnatal follow-up. One pregnancy was terminated (TOP) at 19 weeks' gestation and the fetus was found to have a thickened pulmonary valve at postmortem examination. One case was lost to follow-up.
In Group B (n = 12) (Table 1) , there was aliasing due to turbulent flow across the pulmonary valve. With the upper limit of the power Doppler scale, defined at calibration of the ultrasound system, being 160 cm/s, aliasing was defined, according to the Niquist limit for its detection, as a velocity > 320 cm/s with or without retrograde aortic flow or other findings (Figure 3a,b) . Two of these cases were normal postnatally. Eight had mild-to-moderate PS postnatally, and were treated with either balloon valvuloplasty or expectant management. One of these cases had ductal ballooning in the early scan, at 15 weeks, and the flow velocity through the valve was normal; in the 22 nd week, turbulent and rapid flow was noted, and the newborn had mild PS. The final two cases developed hypoplastic right ventricle with progression to pulmonary atresia at 19-20 weeks of gestation, and both were terminated (Figures 3-5 ). In one of these two cases, at 15 weeks we visualized rapid and turbulent flow with retrograde flow in the ductus arteriosus only, and a membranous structure above the pulmonary valve. Such a structure is not necessarily indicative of poor prognosis, since it was also detected in cases in which it later disappeared completely, as well as in cases in which it remained with mild PS after delivery. At 19 weeks, tricuspid regurgitation was also detected, and the pregnancy was terminated. Like the first, the second of these two cases also had rapid and turbulent flow with retrograde flow in the ductus arteriosus at 15 weeks, but without the supravalvular membranous structure. In three other cases of retrograde flow in the ductus arteriosus, the prognosis was benign and the outcome was good (mild-to-moderate PS postnatally). We identified no early signs that could predict ultimate poor or good prognosis.
In Group C (n = 3) we identified anomalies additional to the suspected PS. All three cases had aliasing. In two cases, there was cardiomyopathy along with cystic hygroma; these cases were suspected to have Noonan syndrome and the pregnancies were terminated. The third had an additional finding of ventriculocoronary fistula and was terminated.
In addition to the 23 cases diagnosed by their early findings, we identified in the database a further group (Group D) of six cases that were not suspected to have PS at 14-17 weeks' gestation but were later diagnosed with PS. One case had tricuspid regurgitation at the early screen; it was subsequently diagnosed with Ebstein's anomaly and pulmonary atresia at 22 weeks, and terminated. The other cases had completely normal early ultrasound screens. One case had Ebstein's anomaly and PS diagnosed at birth. Four had isolated mild PS, of which one was diagnosed at 22 weeks of gestational age and the other three were diagnosed postnatally, before 3 months of age. The sensitivity of early isolated PS detection (after omitting the case lost to follow-up and the three cases with associated anomalies) was 64% (11/17) and the specificity (after excluding the cases with associated anomalies) was > 99% (n = 24 162/24 185).
Of the 12 cases with PS postnatally, four underwent pulmonary dilatation; the remaining eight children continue to be followed up and managed conservatively.
DISCUSSION
Early sonographic prenatal screening at 14-17 weeks of gestation has been performed routinely in Israel since 1987, and is now the standard of care in most pregnant women 14, 15 . More than 30% of patients in Israel also undergo fetal echocardiography during this early mid-trimester examination, often at private institutions such as ours; there are sufficient obstetricians in Israel who are experienced in fetal sonography to supply this service to all interested parturients 14, 15 . In our experience, 99% of fetal cardiac anomalies, with the exception of PS and leiomyoma of myocardium, are detectable by the early mid-trimester screen at 14-17 weeks, and over 90% of them are detected in the low-risk population. In previous studies, we detected almost all of the severe fetal cardiac malformations (hundreds of such cases) in the early second trimester 12, 14, 15 . The fetal echocardiographic examination is not time-consuming, being faster by a transvaginal than by a transabdominal approach; if the fetus is in appropriate lie it takes no more than a few minutes 14, 15 . The cost of the early scan ranges from $150 to $600 (depending on the type of insurance) and is paid by the families, but is partially or almost completely reimbursed/covered by the public insurance. A second, transabdominal sonogram, at 22-24 weeks, is recommended for all parturients and is completely free, being covered by public insurance. In cases requiring a repeat fetal echocardiogram due to a suspected finding, the additional examination(s) are covered completely by public insurance.
The incidence of suspected PS in our population was 25/24 185 screens (23 early mid-trimester diagnoses, two diagnosed at 22 weeks), i.e. 0.1% of patients (in keeping with the literature-based PS incidence 9 -11 of 7/10 000). The number of confirmed cases (fetal PS cases that resulted in autopsy confirmation or that persisted postnatally) was 17, giving an incidence of 17/24 185, i.e. approximately 0.07%. Excluding the three cases with additional anomalies, eight of the 20 (40%) PS cases suspected early resolved and two (10%) evolved into pulmonary atresia. Six of 29 (20.7%) cases suspected of having PS were not identified at the early scan. It may be speculated that the PS cases which apparently regressed were not in fact anatomical valvular abnormalities or flow disturbances (possible functional valvular stenosis due to increased flow).
In our cohort, congenital PS presented in different ways. In some cases, early findings suggestive of PS later resolved, while in others, congenital PS later developed in cases that had a normal fetal echocardiogram at 14-17 weeks' gestation. We did not identify any early signs that could predict good or poor prognosis and several different pathophysiological pathways may exist.
The finding of high flow velocity (100-120 cm/s) across the pulmonary valve had resolved by around 22 weeks' gestation in all the fetuses that we followed, suggesting that this finding alone, without aliasing or retrograde aortic flow, may signify a physiological/anatomical variant in which there is transient increased right ventricular contractility. However, one fetus with high flow velocity at 15 weeks (Group A) was terminated at 22 weeks and PS was diagnosed at postmortem examination. One may speculate that early PS in the fetus may be transient due to 'self-repair' mechanisms during gestation. Interestingly, four out of 18 (22%) cases of PS detected around 18-24 weeks of gestation in a series of monochorionic diamniotic twins complicated by twin-to-twin transfusion syndrome 13 were found to regress and resolve after laser intervention and before birth, further suggesting that this finding may be reversible in some circumstances.
There were three fetuses with early tricuspid regurgitation in addition to aliasing. In two of these, there was progression to pulmonary atresia, while the third had moderate PS and required intervention. Another case with isolated tricuspid regurgitation at the early screen progressed to pulmonary atresia and Ebstein's anomaly at 22 weeks. This finding, therefore, may require close follow-up.
Early detection of congenital heart disease could be advantageous, allowing earlier fetal karyotyping and giving more time for discussion of treatment options (including fetal valvuloplasty). There are also likely to be fewer emotional consequences for couples opting for termination, due to the absence of perception of fetal movements in early pregnancy.
A limitation of our study is that there was no assessment of early myocardial mechanics (strain) 19 . The ability of this technology for early detection of altered strain patterns preceding development of ventricular hypertrophy should be tested in additional studies.
In summary, we present the course and outcome of early sonographic findings related to PS. This may be detected in the early second trimester and later disappear or worsen, or it may first be detected only in late gestation or after delivery. Different pathophysiological pathways probably explain the spectrum of presentations. Further study in an unselected population is needed to clarify the different prenatal sonographic presentations.
